1. Introduction {#sec1}
===============

Current trends that are focused on the miniaturization of devices have led to an ever-growing demand for robust, affordable nanostructure-based technologies that are able to compete with bulkier instruments. Among the different possibilities explored by researchers in the past, the field of plasmonics has been attracting scientific interest for almost three decades, because of the possibilities to squeeze and enhance electromagnetic fields at the subwavelength scale, thus offering applications in a wide range of fields from optoelectronics and quantum information to biomedicine.^[@ref1]^ Generally speaking, a biosensor is constituted by a reactive layer able to recognize a specific biomolecule, and a transducer transforming the biochemical input interaction in a physical output signal.^[@ref1]^ In this regard, recent advances in nanofabrication have offered possibilities to carefully design the size and shape of nanostructures to finely tune the resonance frequency of surface plasmons and also to confine electromagnetic fields in distinct hot spots with a precision of a few nanometers.^[@ref2],[@ref3]^ On the other hand, studying the behavior of surface plasmons on roughened surfaces, which can be obtained through scalable, one-step processes, offers the prospect for implementing commercial (low-cost) plasmon-based devices.^[@ref4]^ In this view, particular interest has been dedicated to the wide possibilities offered by plasmonics in the field of biosensing. Moreover, the use of nanostructures for sensing confers advantages of a high surface-to-volume ratio and a reactive layer with dimensions similar to biomolecules, thus maximizing the efficiency of the systems.^[@ref5]^

Broadly speaking, plasmon-based biosensing approaches can be divided into two categories: the first examines variations in the typical frequency associated with surface plasmon resonance in the presence of an analyte, while the second aims to magnify the intensity of the signals associated with the analyte of interest. A successful example of an approach in the first category is surface plasmon resonance (SPR) sensors, whereas plasmon-enhanced fluorescence (PEF), surface-enhanced Raman scattering (SERS), and surface-enhanced infrared absorption (SEIRA) belong to the second category. For the sake of brevity, we refer the reader to specialized articles and reviews describing these techniques. We note that, although enhanced spectroscopies still have not reached the market, they are extensively and routinely used by researchers. In contrast, SPR and localized surface plasmon resonance (LSPR) systems were commercialized many years ago.^[@ref6]−[@ref8]^ Before starting biosensor design, numerical simulations and theoretical modeling of sensor ideal geometry, composition and sensing technique are usually applied to predict results and to maximize the signals. Modeling strategies are here omitted; for a complete survey on the role of modeling in biosensing design and prediction, the readers are referred to the literature.^[@ref9],[@ref10]^

One of the most common issues hindering the implementation of plasmonic sensors in biological analyses is the chemical conjugation of the sensor's active surface in order to increase its selectivity, since the extraction of the analyte of interest from the biological solution by means of consolidated protocols suffers great limitations at low analyte concentrations. An example of the working mechanism of a biosensor device and the pivotal role of the surface functionalization is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The mechanisms at the base of plasmonic sensors generally are based on changes of the local refractive index, which can be induced by adsorption of molecules. In the case of analysis of complex biological media, such serum, saliva, or urine, the possibility of nonspecific adsorption and detection of the large variety of molecules constituting the matrix could counterfeit the detection procedure and therefore specific capturing agents are required. Moreover, it is well-known that the plasmonic field decays rapidly as it is drawn away from the surface of the nanostructure. As a consequence, label-free detection of analytes dispersed in solutions at very low concentrations is very challenging, because of the low probability of a molecule attaching or being in close proximity to the metal surface.^[@ref11]^ In the majority of cases, binding of molecules to the surface sensor is usually reversible and an equilibrium between molecules attached to the surface and in solution is established. The signal is proportional to the surface coverage, which is dependent on the concentration in the added sample after equilibrium has been established and therefore an uniform coverage is preferred. In such cases, when irreversible binding leads to nonequilibrium conditions, or for very diluted solutions, it should be beneficial to target the functionalization only to the most sensitive parts, namely, the plasmonic hot spot, with the analyte or the active biomolecule necessary to capture the analyte (antibody, aptamers, etc.).^[@ref12]−[@ref15]^ Hence, the functionalization of nanostructures with molecular complexes able to interact with the target analyte concentration drastically improves the sensitivity, defined as the variation of the sensor signal as a function of the variation of the analyte and selectivity, identified as a difference in the response of the device to different analytes. For example, it has been demonstrated that a combination of LSPR and enzyme-linked immunosorbent assay (ELISA) techniques led to an improvement in the sensing efficiency approaching the single molecule limit^[@ref16],[@ref17]^ Furthermore, radically new methods based on plasmonic metamaterials and hyperbolic metamaterials^[@ref18]−[@ref20]^ are emerging as extremely sensitive biosensors. These new platforms may revolutionize the field of biosensing if effectively combined with the proper surface chemistry able to capture the analytes directly from raw biological fluids.

![Pictorial description of the most important aspects of sensor functionalization.](am-2017-01583f_0002){#fig1}

This tutorial review aims to present some of the primary tools required for a correct and complete approach to chemically functionalize a plasmonic surface biosensor via top-down technologies. Considerations regarding the use of metal nanoparticles (bottom-up approaches) are avoided in this review, as these materials are usually produced via bottom-up approaches, such as chemical synthesis or laser ablation in liquid, where surface functionalization is essential to prevent aggregation and precipitation effects.^[@ref21],[@ref22]^ Therefore, the functionalization step is often part of the preparation procedure, and this topic has already been thoroughly investigated elsewhere.^[@ref23]^ A hybrid example is represented in the literature by the case of nanoparticles isolated by a ultrathin layer of silica or alumina deposited on a substrate. The presence of the shell prevents their aggregation and separate them from direct contact with the analytes, resulting in significant enhancement of the Raman signal, the so-called SHINERS effect ([Sh]{.ul}ell [I]{.ul}solated [N]{.ul}anoparticle [E]{.ul}nhanced [R]{.ul}aman [S]{.ul}pectroscopy)^[@ref24]−[@ref26]^ and fluorescence, SHINEF ([Sh]{.ul}ell [I]{.ul}solated [N]{.ul}anoparticle [E]{.ul}nhanced [F]{.ul}luorescence).^[@ref27],[@ref28]^

2. THE METAL OF CHOICE {#sec2}
======================

2.1. Motivation {#sec2.1}
---------------

Plasmonic nanoantennas and, more recently, plasmonic metamaterials are among the most promising tools in the field of optical biosensing. Broadly speaking, the techniques used to develop plasmonic nanostructures can be divided into two main categories, namely, top-down and bottom-up approaches. The former mainly rely on lithographic approaches, which enable the fabrication of plasmonic structures and metasurfaces, whereas the latter are based on self-assembly methods for fabricating plasmonic nanoparticles. To effectively work as biosensors, both nanoparticles and plasmonic surfaces must be properly functionalized. However, the functionalization of plasmonic surfaces (typically plasmonic nanoantennas) presents more issues than the functionalization of nanoparticles, which provide high surface-to-volume ratio with excellent biocompatibility using appropriate ligands and can be fully processed in solution. When discussing surface functionalization, the composition of the nanostructures plays a central role. Generally, when working with metal-based substrates, the formation of self-assembled monolayers (SAMs) of molecules with suitable reactive termination is the most common procedure. Considering that biocompatibility is also required when designing a biosensing tool, metals that display plasmonic properties but high reactivity, such as alkali metals, should be avoided.^[@ref29]^ In addition, the cost of the raw material should be taken into account.

2.2. Metals, Oxides, and Nitrides {#sec2.2}
---------------------------------

Palladium displayed excellent sensing properties, but it is too expensive for consideration as a possible layer for commercial devices.^[@ref30]^ Silver is one of the most valid options for applications in plasmonic biosensing, because it is an inexpensive and efficient substrate that has a high reactivity with thiols for forming SAM.^[@ref31],[@ref32]^ Nevertheless, its rapid oxidation in air and its slight toxicity to cells are the main drawbacks limiting its application in biomedical fields. Aluminum has also attracted attention recently, because of its favorable optical properties, high natural abundance, low cost, and ease of functionalization.^[@ref33]^ The main disadvantage in using aluminum is represented by the difficulties in controlling size and shape during fabrication. Even metal oxides and nitrides have been considered as substrates for plasmonic biosensing, because of their optical properties and biocompatibility; however, they are more difficult to manipulate via nanofabrication techniques.^[@ref34],[@ref35]^

2.3. Gold {#sec2.3}
---------

Despite attempts to extend the range of metals suitable for sensing applications, gold still remains a most promising candidate in plasmonic biosensing. Indeed, gold also exhibits good plasmonic properties for wavelengths above the interband transition (λ ≥ 580 nm); being an inert metal, it is not affected by oxidation and it is easy to manipulate using different fabrication techniques. Moreover, gold is compatible with cell culture, and SAMs bound on gold surfaces are stable for long periods after contact with biological media.^[@ref36]^ Another advantage of gold is its high reactivity with thiols to form SAMs. This point is of crucial importance for the sensitivity of biological tests: if a good SAM is formed on the metal surface of the reactive layer, the maximum ratio between the number of bound molecules and the superficial area is reached, and the coupled molecules are well-oriented in the biological medium to maximize the binding events with the analyte. The chances of forming a good SAM are dependent both on the surface functionalization technique, which is a topic that will be discussed in detail in the next section of this review, but also on the method of preparation of the substrate, as the preparation method can influence the roughness and crystallinity of the metal surface. Preparing crystal Au(111) textures via physical vapor deposition, followed by thermal annealing, gives rise to the best SAMs,^[@ref37]^ while electrodeposition or electroless deposition usually generate rougher Au films, leading to a mixture of structures on the surface, which results in unwanted heterogeneity in molecule orientation. The deposition with a biocompatible primer such as Ti or deposition of Au on mica, instead of glass or silicon as supports, have been demonstrated to be good alternative strategies to obtain almost-single-crystal Au films.^[@ref38]^ For the sake of clarity and brevity, the approaches discussed in this review will be limited only to the linking strategies on gold. For more details about linking approaches on other materials, we refer the reader to other review work.^[@ref36],[@ref39],[@ref40]^

3. SURFACE MODIFICATION STRATEGIES {#sec3}
==================================

Ideally, a plasmonic sensor should be characterized by an analyte-specific functionalization on its active area and an inert surface elsewhere. In addition, the sensor signal is generally proportional to the efficiency of the binding event, to the surface coverage of the bioactive area (the percentage of the active area that is effectively occupied by the capturing sites), and to the selectivity between this area and the inert area.^[@ref41]^ Therefore, in designing a plasmonic sensor, the main issues to be addressed, in terms of surface modification, are the *specificity* of analyte recognition, the *orientation* of the immobilized biomolecules acting as the analyte receptor, and the *selectivity* of surface coverage.

Over the years, many different approaches have been developed for immobilization of biomolecules on the metal surfaces, such as embedding in polymers or membranes,^[@ref42]^ sol--gel entrapment,^[@ref43],[@ref44]^ or layer-by-layer deposition.^[@ref45]−[@ref47]^ The carboxymethylated dextran hydrogel surface has been used for immobilization of aptamers or antibodies.^[@ref42]^ Sol--gel process involves the transition of a sol composition from a liquid "sol" to a solid "gel" phase. A sol is first formed by mixing an alkoxide precursor such as tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS) with water, a cosolvent, and an acid or base catalyst. The resulting sol containing a sensing agent (metal particles and bioactive molecules) can be cast as monoliths, thin films on a glass slide, or optical fiber.^[@ref43]^ Severe issues exist concerning the encapsulation of biomolecules, because hard reaction conditions are required, which lead to denaturation of biomolecules. New sol--gel processing methods using different precursors, such as organic modified silicate (ORMOSILS) (e.g., methyltriethoxysilane (MTES), propyltrimethoxysilane (PTMS), dimethoxydimethylsilane (DMDMS), etc.) showed promising results in preserving the native activity of biomolecules.^[@ref44]^ The layer-by-layer (LBL) techniques are based on the attraction of opposite ionic charges located on metal structures. For the growth of multilayer films, the adsorption occurred as a result of alternating the immersion process of a solid substrate in a cationic and anionic polyelectrolyte solution.^[@ref45],[@ref46]^ LBL has been used in PEF as a versatile method to tune the distance between fluorophore and metal surface in order to optimize optical response.^[@ref47]^ Among all the functionalization methods, self-assembly of molecules is the most diffuse technique in optical biosensors. It was shown that SAM helps in minimizing the nonspecific adsorption problem and also provides stable and oriented immobilization of the analytes.^[@ref42]^ In the next section, we summarize solutions based on SAMs that have been proposed in the literature to achieve the requirements of specificity, orientation, and selectivity.

3.1. Specificity {#sec3.1}
----------------

The *specificity* of the binding event is dependent on the affinity between receptor biomolecules and the specific analyte. Clearly, low affinity reduces the efficiency of the test. The biomolecule/analyte affinity is generally a function of the number of physical and chemical interactions between them. From a physical point of view, it is important that the native conformation of the biomolecule does not change as a consequence of immobilization on the reactive layer.^[@ref41]^ From a chemical point of view, the number of weak interactions (van der Waals interaction, dipolar interactions, hydrogen-bond interactions) between the biomolecule and the analyte plays the most important role. For this reason, using multiple recognition approaches by which the analyte is trapped between a primary and a secondary antibody in a sandwich-like configuration is often used to improve molecular recognition.^[@ref38]^ Many biological systems have been proposed to recognize specific analytes, and they have been extensively reviewed elsewhere.^[@ref48]−[@ref50]^ The most commonly used biological recognition elements are antibodies or immunoglobulins, which are glycoproteins ∼15 nm × 7 nm × 3.5 nm in size consisting of two polypeptide chains, as depicted in [Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}a. Each chain is composed by a heavy chain (H), corresponding to the −COOH terminus, and a light chain (L), corresponding to the −NH~2~ terminus. The two heavy chains are linked together by a disulfide bridge (Fc portion), while the two L chains are structurally standalone (Fab portions of the antibody). The recognition event normally involves one or both of the Fab portions. In the first case, it is possible to chemically reduce the disulfide bond between the two polypeptide chains and split the antibody into two fragments, while still retaining the recognition capacity.^[@ref38],[@ref41],[@ref51]^

![General Structures of (a) an Antibody, (b) an Aptamer, and (c) a Sugar](am-2017-01583f_0001){#cht1}

In addition to antibodies, aptamers are also frequently used as a recognition element. Aptamers are single-strained DNA or RNA oligonucleotide sequences capable of specifically binding an analyte with an affinity comparable to antibodies (see [Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}b). The disadvantage of using aptamers is that their production, generally via synthetic routes, is time and labor consuming, even if they can be more easily and suitably engineered than antibodies.^[@ref38]^ Less frequently, but very selectively in some cases, sugars (or post-translationally modified glycoproteins) are used as recognition elements ([Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"}c), especially if the analyte is a protein or enzyme. The disadvantage is that they require a previous modification step to be anchored to the surface.^[@ref52]^ Once the recognition element is chosen and independent of its biological nature, the pivotal step in building a new plasmon sensor is the immobilization strategy applied to bring such an element at the right place with the right orientation. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} summarizes the costs vs benefits vs risks of each recognition element.

###### Antibody, Aptamer, and Sugar Costs vs Benefits vs Risks Analysis

  primary biomolecule   commercial cost (\$)                                          benefits                       risks
  --------------------- ------------------------------------------------------------- ------------------------------ -----------------------------
  monoclonal IgG        100--6000[a](#t1fn1){ref-type="table-fn"}                     • high selectivity             • high costs
                                                                                                                     • high pH and T sensitivity
                                                                                                                      
  DNA aptamer           1--2 for each single base[b](#t1fn2){ref-type="table-fn"}     • good selectivity             • high costs
                                                                                      • possibility of engineering   • time and labor consuming
                                                                                                                      
  RNA aptamer           10--90 for each single base[b](#t1fn2){ref-type="table-fn"}   • good selectivity             • high costs
                                                                                      • possibility of engineering   • time and labor consuming
                                                                                                                      
  sugar                 1--20[c](#t1fn3){ref-type="table-fn"}                         • low costs                    • low selectivity
                                                                                                                     • modification needed

Commercial costs/mg, from the Thermo Scientific product catalog.

Commercial costs/base, from the IBA product catalog (1 μmol solution).

Commercial costs/mg, from the Sigma--Aldrich product catalog.

3.2. Orientation of Biomolecules: Coupling Methods {#sec3.2}
--------------------------------------------------

Immobilizing the biomolecule on the metal surface with the right orientation is important for at least two reasons. First, many studies have demonstrated that properly oriented biomolecules, i.e., molecules whose binding sites are properly exposed to the sample where the analyte must be detected, have stronger antigen recognition efficiency and avoid specific bindings with other molecules present in the same sample.^[@ref38],[@ref50]^ Moreover, the orientation influences the biomolecule density on the metal surface.^[@ref50]^ Uniformly oriented immobilization ensures high recognition specificity and high sensor sensitivity. Three main coupling strategies can be envisaged to achieve this objective: (i) oriented self-assembly coupling, (ii) covalent coupling via chemical linkers, and (iii) bioaffinity interaction coupling by specific antibody-binding proteins.

### 3.2.1. Oriented Self-Assembly Coupling {#sec3.2.1}

Chemisorption is the oldest and simplest way to immobilize biomolecules on reactive layers. Antibodies adsorbed on Au or Ag surfaces can be realized exploiting the weak interaction between the metal surface and the disulfide bridges that generally exist between cysteine residues on polypeptide chains.^[@ref41]^ Similar interactions can also be envisaged with aptamers.^[@ref53]^ However, many issues are associated with this approach. First, self-assembly of the biomolecule in its native form does not allow for the orientation to be controlled. Second, a selectivity problem exists between the reactive layer and the inert surrounding area because macromolecules with several different anchor points can create several weak interactions with different materials. As a consequence, biomolecules can be adsorbed in many locations, namely, both on the active area of the sensor and on surrounding areas. Third, practical applications concerning nanostructured devices require several washing steps, in order to remove residues of active biomolecule from the inert area surrounding the active area. This is important, especially for PEF sensors, where the signal quantification is correlated to the difference between dark and brightness areas. Washing can desorb the biomolecules, thus affecting performance and limiting the recyclability or reuse. In the case of antibodies, a simple way to overcome these problems is to split the antibody into two fragments^[@ref51]^ by chemically reducing the disulfide bond of the Fc portion ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). In this way, the free native thiol groups on the antibody are used to strongly bind the metal surface, thus driving the molecule in a specific orientation. Several studies have evaluated the selection of the best reducing agents to be used for reduction to minimize antibody denaturation and to maximize the immobilization efficiency (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). In particular, thiols such as 2-mercaptoethylamine (2-MEA), 2-mercaptoethanol (2-ME), and 1,4-dithiotreithol (DTT) have been successful used,^[@ref54]−[@ref56]^ and DTT was the reagent that yielded the best detection sensitivity. The only constraint of such reducing agents is that the agent must be removed from the solution prior to immobilization on the gold surface, because it can compete with the antibody for metal binding. Some antibody fragments can be lost during separation, thus lowering the immobilization yield. Tris(2-carboxyethyl)phosphine (TCEP) was recently proposed as an alternative to thiols as a reducing agent.^[@ref57]^ In all reported cases, the ability of the sensors to recognize antigens, the selectivity of recognition and the sensitivity of detection were found to be significantly higher, compared to the same sensors where antibodies were allowed to randomly self-assemble on the metal surface. Nevertheless, although the oriented self-assembly strategy has been extensively proposed for SPR sensors,^[@ref51],[@ref54],[@ref55],[@ref57]^ this strategy has not been widely used in nanostructured plasmonic sensor applications. One reason is the fact that chemical modification of the biomolecule is necessary in this strategy. Therefore, if the reaction conditions (pH, solvent, temperature) are not strictly controlled, denaturation can occur. Moreover, the antibody orientation obtained following such a strategy does not maximize the antibody density on the metal surface, which, in nanoscale devices, is more important than in macroscopic sensors. The oriented self-assembly strategy can yield better results with suitable engineered aptamers^[@ref53]^ whose structure can be designed a priori in order to optimize the correct orientation during immobilization.

![Oriented Immobilization of Ab Fragments on Gold Surfaces](am-2017-01583f_0006){#sch1}

###### Procedures of Typical S--S Reduction for Oriented Immobilization of Ab Fragments on Gold Surfaces

   reducing agent   commerical cost, Cc[a](#t2fn1){ref-type="table-fn"} (\$)  typical procedure                                                                                                                                                     benefits            risks
  ---------------- ---------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------- -----------------------------------------------
       2-MEA                                   90                             1 mg/mL IgG in PBS and 50 mM 2-MEA are mixed at 37 °C for 1.5 h; after purification, Ab fragments in PBS solution are incubated on an Au chip                         • low cost          • competition between 2-MEA and Ab--SH groups
                                                                              • short time                                                                                                                                                          • Ab denaturation   
                                                                                                                                                                                                                                                                         
        2-ME                                   3                              2 mg/mL IgG in PBS and 35 mM 2-ME are mixed at 37 °C for 1 h; after purification, Ab fragments in PBS solution are incubated on an Au chip                            • low cost          • competition between 2-MEA and Ab--SH groups
                                                                              • short time                                                                                                                                                          • Ab denaturation   
                                                                                                                                                                                                                                                                         
        DTT                                    40                             2 mg/mL IgG in PBS and 40 mM DTT are mixed at 37 °C for 1 h; after purification, Ab fragments in PBS solution are incubated on an Au chip                             • low cost          • competition between 2-MEA and Ab--SH groups
                                                                              • short time                                                                                                                                                          • Ab denaturation   
                                                                                                                                                                                                                                                                         
        TCEP                                   70                             10 μL of 50 mM of TCEP in PBS and 10 μg/mL IgG in PBS are mixed at room temperature for 1 h; Ab fragments are directly incubated on an Au chip without purification   • low cost          • Ab denaturation
                                                                              • short time                                                                                                                                                                              
                                                                              • no purification                                                                                                                                                                         

Commercial costs per gram or per milliliter, from the Sigma--Aldrich product catalog.

### 3.2.2. Linker-Mediated Coupling {#sec3.2.2}

Covalent linking of biomolecules on a chemically activated metal surface is one of the most widely used methods for immobilizing a recognition element on the sensor reactive layer, improving attachment stability. This route normally requires at least two steps: (a) the creation of a suitable SAM on the metal surface using bifunctional thiols acting as linkers; and (b) the cross-linking between the linker and the complementary native functional groups on the biomolecule.^[@ref41]^ From a chemical point of view, there are at least two ways to realize an SAM on a metal surface: "in solution"^[@ref58]−[@ref60]^ and "under vapor".^[@ref61],[@ref62]^ For the first method, it has been demonstrated that the success of functionalization, in terms of a well-assembled monolayer on the metal surface, was dependent on many chemical parameters, such as temperature, solvent, pH, and the degree of oxidation of the metal surface. Furthermore, additional physical parameters such as local roughness and crystal orientation may affect the outcome. High temperatures promote the formation of larger ordered domains of molecules on the metal surface.^[@ref58]^ The solvent should be chosen in order to minimize its interactions with the thiol acting as the linker. In fact, linkers characterized by long aliphatic and hydrophobic chains create better SAMs if solubilized in nonaliphatic solvents (such as toluene) or in moderately polar solvents (as EtOH).^[@ref60]^ Concerning the pH, neutral or gently basic conditions are preferred over acid conditions to favor strong covalent interactions with the metal surface against weak coordination interactions. Moreover, it has been demonstrated that an activation step characterized by gently washing with piranha solution (H~2~O~2~:H~2~SO~4~ at a 5:2 ratio) or oxygen plasma pretreatment on the gold surface, producing an oxidized gold surface, increases the strength of the S--Au bonds on the surface.^[@ref46]^ The reaction time is dependent on the specific thiol used as the linker, and it can vary from hours to days. More recently, dithiocarbamates (N--C--S linkers) have been proposed as an alternative to thiols to form SAMs.^[@ref63]^ Dithiocarbamates can be formed in situ via the reaction of carbon disulfide (CS~2~) and an amine group in solution in the presence of a gold surface.^[@ref64]^ Good results in terms of SAM packaging can be achieved by vapor functionalization, which can be performed at ambient pressure^[@ref61]^ or under high vacuum conditions.^[@ref62]^ This latter technique has been reported as one of the best ways to achieve ordered monolayers; nevertheless, this technique is only rarely used in building sensors, because of the complex experimental setup needed.^[@ref62]^

Concerning the strategies used to anchor a biomolecule onto a functionalized support, many interesting methods have been proposed in the last 10 years, although only a few have emerged, because of their flexibility and ease of implementation for nonchemist researchers.^[@ref63]^ Normally, such methods allow for native functional groups present on the biomolecule to be exploited for linking the SAM functional groups grafted on the metal surface. [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} and [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} summarize some of the most common chemical cross-linking methods, with particular focus on antibodies immobilization. Instead, suitable modified oligonucleotides can be linked to SAM functional groups with similar classical strategies. Amino and thiol modifications have been routinely used to construct oligonucleotide arrays. Besides, the covalent immobilization of aptamers involves several parameters, each of which must be optimized, such as the chemical stability and complexity of the construct, the simplicity of the derivatization, the loading capacity, and the degree of nonspecific binding of the final product.^[@ref65]^ The exposed amine group of lysine residues on antibodies (as well as a suitable 5′NH~2~- or 3′NH~2~-modified oligonucleotide^[@ref65],[@ref66]^**)** can be used to link metal surfaces functionalized with electrophile groups, such as *N*-hydroxysuccinimide esters (NHS) to form stable amide bonds ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}a) or aldehydes to form imines ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}b). The disadvantage of the NHS strategy is the hydrolytic character of NHS esters, which is responsible for low reaction yields. An additional classical method is to exploit −SH groups on cysteine residues of antibodies (or 5′thiol- or 3′thiol-modified oligonucleotides^[@ref65],[@ref67]^) by condensing them with a maleimide-functionalized metal surface via Michael reaction to form thioethers ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}c). Competition with amine groups can be avoided at physiological pH, as amine groups are generally protonated in this condition. Finally, an interesting method to immobilize biomolecules on gold surfaces by exploiting native amine groups is the one-pot reaction with CS~2~ in water under physiological conditions to form a dithiocarbamate linkage on the gold surface,^[@ref64],[@ref68]^ where the nitrogen belongs to the biomolecule ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}d). The carboxylic acid groups of acidic aspartate or glutamate residues can also be used to link gold SAM functionalized with nucleophilic groups (i.e., amine). In this case, the strategy involves transformation of the −COOH group on the antibody into an NHS ester by reacting with 3-(3-dimethylaminopropyl)carbodiimide (EDC) in the presence of NHS ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}e). In addition to the instability of NHS esters in a water medium and the need to modify the antibody, another risk, in this case, is that the NHS-activated antibody can react with their own peptide residues rather than with the SAM on the metal surface, thus generating undesired antibody clusters in solution.^[@ref63]^ An advantage is the high probability that the antibody is attached to the surface with the right orientation, i.e., with the Fc portion immobilized on the support. Indeed, when the other reported methods are used, a heterogeneous population of randomly oriented biomolecules is linked to the metal surface.

![Coupling Strategies to SAM-Modified Au Surfaces Exploiting (a,b) Lysine Residues, (c,d) Cysteine Residues, or (e) Acid Residues on the Biomolecule](am-2017-01583f_0007){#sch2}

###### Typical Procedures of Coupling Strategies with SAM-Modified Au Surfaces

   entry  linker                                      coupling strategy                                   Cc[a](#t3fn1){ref-type="table-fn"} (\$)  typical procedure[b](#t3fn2){ref-type="table-fn"}                                                                                                                                                                                                                                                               benefits       risks
  ------- ------------------------------------------- -------------------------------------------------- ----------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------- ---------------------------
     a    HS--(CH~2~)~*n*~--COOH, i.e., MHDA          EDC/NHS, coupling with lysine residues                                165                    gold slides are incubated overnight 250 μM of MHDA in EtOH and activated by incubation in 2 mM EDC/5 mM NHS solution in MES buffer; after rinsing in PBS, 50 μg/mL of IgG in PBS is added for incubation (30 min, room temperature)                                                                             • low cost     • water and air sensitive
                                                                                                                 • multiple steps required                                                                                                                                                                                                                                                                                                                                        
                                                                                                                   • random orientation                                                                                                                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
     b    HS--(CH~2~)~*n*~--CHO                       coupling with lysine residues                                         27                     the −NH~2~ gold chip is immersed in a 5% glutaraldehyde solution in PBS (2 h at room temperature); after PBS rinsing and drying, the chip is incubated with a 100 μg/mL solution of IgG in PBS for 1 h at room temperature                                                                                      • low cost     • multiple steps required
                                                      • good stability                                             • random orientation                                                                                                                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
     c    DTSSP                                       coupling with cysteine or lysine residues                            3000                    gold chip is incubated in a 1.5 mM solution of DTSSP in PBS for 1 h at room temperature; after rinsing, slides are incubated with 40 μg/mL of IgG in PBS solution for 30 min at room temperature                                                                                                                • short time   • water and air sensitive
                                                                                                                        • high cost                                                                                                                                                                                                                                                                                                                                               
                                                                                                                   • random orientation                                                                                                                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
     d    CS~2~/NH~2~--(CH~2~)~*n*~--NH~2~            coupling with lysine residues                                        0.08                    gold slides are immersed in a mixed solution (1:1, v/v) of 0.1 M CS~2~ in water and 20 μg/mL of IgG in PBS solution for 2 h at 4 °C                                                                                                                                                                             • low cost     • random orientation
                                                      • short time                                                                                                                                                                                                                                                                                                                                                                                                                
                                                      • good stability                                                                                                                                                                                                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
     e    HS--(CH~2~)~*n*~--NH~2~, i.e., cysteamine   coupling with acid residues activated by EDC/NHS                      40                     1 mg/mL solution of IgG is activated by incubation in 2 mM EDC/5 mM NHS solution in MES buffer (15 min at r.t.); after quenching using 2-mercaptoethanol (1.2 μL) and purification by desalting column, the solution in PBS is used for incubation (30 min, room temperature) of the functionalized gold chip   • low cost     • water and air sensitive
                                                      • right orientation                                        • multiple steps required                                                                                                                                                                                                                                                                                                                                        
                                                                                                                      • Ab clustering                                                                                                                                                                                                                                                                                                                                             

Calculated as the sum of commercial costs per gram or per milliliter of all the required reagents, from the Sigma--Aldrich product catalog.

Inspired by refs ([@ref48], [@ref62], and [@ref69]−[@ref72]).

Interesting site-specific chemo-ligation methods for the immobilization of biomolecules on supports have been recently proposed (see [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} and [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The general concept of such methods is to synthetically introduce specific functional groups to the biomolecules (using the same chemistry of the biomolecule and labeling with fluorophores or tags). For example, cyclopentadienyl groups can be used to activate the molecule toward a Diels--Alder reaction with the metal surfaces functionalized with dienes or quinones.^[@ref63]^ On the other hand, research on specific linkers that are able to coordinate the Fc portion of the antibody by host/guest, hydrophobic, or electrostatic interactions has gained interest.^[@ref75],[@ref76]^ Nevertheless, the large-scale applications of these latter techniques are still minimal, because of the extensive synthetic methods required.

![Site-Specific Coupling of Biomolecules to Au Surfaces: (a) Coupling via Pro-Linker B Linker, (b) Coupling via Diels--Alder Cycloaddition Strategy, and (c) Coupling via Streptavidin--Avidin Strategy Mediated by CS~2~](am-2017-01583f_0008){#sch3}

###### Typical Procedures for Site-Specific Coupling of Biomolecules to Au Surfaces

   entry  linker         coupling strategy                                                                                                                                                                                                               typical procedure[a](#t4fn1){ref-type="table-fn"}                                                                                                                                                                             benefits                   risks
  ------- -------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------- --------------------------------
     a    Pro-Linker     linker synthesized by multistep synthesis according to ref ([@ref73]) and commercially available from the authors; coupling employing host--guest, bipolar, and van der Waals interactions with biomolecule functional groups   gold chip was incubated in 3 mM solution ProLinker B solution in CHCl~3~ for 1 h at room temperature; after rinsing and drying, the chip was incubated in 100 μg/mL PBS IgG solution for 1 h at room temperature              • site-specific coupling   • multistep procedure required
                                                                                                                                                                                                                                                         • high cost                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                         • high time                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
     b    Diels--Alder   linker and modified biomolecules synthesized by multistep synthesis according to ref ([@ref74]) and not commercially available; coupling employs click chemistry between them                                                   gold chip was immersed in the linker solution (1.0 mM) in EtOH at room temperature in a scintillation vial for 12--16 h; the surface was the treated with modified biomolecules (5 mM in water) for 4 h at room temperature   • site-specific coupling   • multistep procedure required
                                                                                                                                                                                                                                                         • high cost                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                         • high time                                                                                                                                                                                                                                              

Inspired by refs ([@ref73] and [@ref74]).

### 3.2.3. Bioaffinity Interaction Coupling {#sec3.2.3}

Bioaffinity interaction coupling refers to the oriented immobilization strategy that is based on the creation of several weak interactions between a biomolecule acting as linker and a second biomolecule that is employed for detection of the analyte. The many weak interactions enable a highly specific and strong recognition mechanism. The most common example of bioaffinity interaction coupling is based on the streptavidin--biotin complex in which streptavidin is attached to the support (linker), and biotin is attached to specific antibody sites ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}).^[@ref41]^ In this case, additional steps to immobilize streptavidin and chemical modification of the antibody to introduce the biotin tag are needed ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}); nevertheless, the specificity of recognition represents the major strength of this strategy. Streptavidin--biotin coupling is commonly used for oligonucleotides immobilization,^[@ref67]^ where streptavidin is covalently linked to a metal surface in order to recognize a biotin-labeled aptamer. Indeed, streptavidin binds biotin with extremely high affinity (dissociation constant *K*~d~ ≈ 10--14 mol/L). DNA-direct recognition of an antibody using a single-strained DNA to specifically bind an antibody has also been used as a method to immobilize antibodies for plasmonic sensors.^[@ref41]^ The favorite bioaffinity interaction for the immobilization of antibodies in plasmonic sensors is the interaction between them and antibody-binding proteins such as protein G or protein A. Such proteins selectively bind the Fc portion of native antibodies, thus driving them toward the correct orientation on the metal surface and ensuring long-term stability, high purity, and high detection activity against antigens.^[@ref71]^ Even if they have overlapping binding sites for the Fc region of the antibodies, there are no structural similarities between protein G and protein A. Both can bind many antibody subtypes from different species, with the only exception of IgM antibodies. A mixture of protein G/protein A is often used to offer the possibility of covering nearly the entire range of antibodies that are linkable to a metal support, thus allowing the design of multiplexed biosensors.^[@ref77]^ The only disadvantage is that such proteins must be linked to the metal surface prior to immobilization of the antibodies. Since both proteins G and A have several high affinity binding sites for the Fc portion, the orientation of their linking is less important than in the case of native antibodies, and such setups have been successful realized by classical coupling (see [Schemes [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}a and [4](#sch4){ref-type="scheme"}b) in plasmonic sensors.^[@ref77],[@ref78]^ Moreover, it is possible to engineer antibody-binding proteins in order to tag them with polycysteine motifs ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}c) to orient their immobilization.^[@ref79]^ The last advantage of using antibody-binding protein is the possibility to purify the antibody needed for the recognition event from a protein mixture directly on the plasmonic surface, without a previous purification step.^[@ref79]^ A list of typical procedures is reported in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}.

![Bioaffinity Coupling Using (a) Streptavidin--Biotin, (b) Protein A/Protein G Mediated via Classical NHS/EDC Chemistry, (c) CS~2~ Chemistry, or (d) Polycysteine Tag Engineering](am-2017-01583f_0009){#sch4}

###### Typical Procedures for Bioaffinity Coupling

   entry  binding protein              Cc[a](#t5fn1){ref-type="table-fn"} (\$)   typical procedure[b](#t5fn2){ref-type="table-fn"}                                                                                                                                                                                                           benefits                                                        risks
  ------- ---------------------------- ----------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------- --------------------------------
     a    streptavidin--biotin         142                                       gold chips are immersed in a mixed solution (1:1, v/v) of 0.1 M CS~2~ in water and 20 μg/mL of streptavidin in PBS solution for 2 h at 4 °C; after rinsing, the chip was incubated in 100 μg/mL PBS biotinylated-IgG solution for 1 h at room temperature   • very high affinity coupling between linker and biomolecules   • multistep procedure required
                                                                                                                                                                                                                                                                                                                                             • high time                                                     
                                                                                                                                                                                                                                                                                                                                                                                                              
     b    protein A/protein G          78                                        the Au surface is coated with −COOH; after washing, the surface is activated with EDC/NHS mixture in MES buffer and conjugated to 2 mg/mL protein A/G in PBS; the surface is then incubated in 50 μg/mL IgG solution in PBS for 1 h at room temperature     • site-specific orientation                                     • multiple steps required
                                                                                 • low cost                                                                                                                                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                                              
     c    protein A                    35                                        the Au chip is immersed in a mixed solution (1:1, v/v) of 0.1 M CS~2~ in water and 20 μg/mL protein A in PBS solution for 2 h at 4 °C; after rinsing and drying, slides are incubated with 100 μg/mL IgG in PBS (30 min, room temperature)                  • site-specific orientation                                      
                                                                                 • short time                                                                                                                                                                                                                                                                                                                
                                                                                 • low cost                                                                                                                                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                                              
     d    engineered protein A (PAG)   [c](#t5fn3){ref-type="table-fn"}          protein A was engineered by PCR; the Au chip is incubated in 50 μg/mL solution in acetate buffer (4.5 pH) PAG for h at room temperature; after washing, the chip is incubated in 50 μg/mL IgG solution in PBS buffer for 1 h at room temperature            • site-specific orientation                                     • high cost
                                                                                                                                                                                                                                                                                                                                             • high time                                                     

Commercial costs/mg, from the Thermo Fischer Scientific products catalog.

Inspired by refs ([@ref71], [@ref77], and [@ref78]).

Not commercially available.

3.3. Selectivity in Biomolecule Patterning {#sec3.3}
------------------------------------------

The bioactive area of biosensors should ideally coincide with the sensing area, while all the surroundings regions must be inert to nonspecific adsorption. The latter is of fundamental importance for developing high-sensitivity assays capable of revealing ultralow concentrations of analytes dispersed in highly dense media such as human serum, saliva, urine, or other complex biological fluids. This selectivity requirement means that a well-defined micropattern or nanopattern of active biomolecules must be realized on the sensor surface,^[@ref38],[@ref80]^ whereas the remaining regions must be passivated (inert to nonspecific binding). Lithographic methods can be used to fabricate surface structures with high spatial resolution, but they are conducted under difficult conditions (solvents and baking) that often can cause biomolecule denaturation. Hence, lithographic patterning is usually performed before biochemical functionalization.^[@ref79]^ In the next sections, we describe three additional strategies that have been envisaged in the literature to fabricate such patterns: (a) orthogonal functionalization strategies, (b) tailored wettability to drive molecules toward the region of interest, and (c) inkjet-like methods to create well-defined spots of biomolecules on a continuous or nanostructured metal surface. Of note, microfluidics approaches represent another possible solution that will be intentionally omitted from this review for the sake of brevity. Readers who are interested in this topic can find additional details in other specific reviews.^[@ref81]−[@ref84]^

### 3.3.1. Orthogonal Functionalization Strategies {#sec3.3.1}

In nanostructured plasmonic sensors, the reactive layer is generally fabricated from a material that differs from the surrounding area. During functionalization, active biomolecules are grafted onto the metal surface and, in principle, the surrounding area must be kept free from any interaction with them. This is achieved by first choosing a linker endowed by a selective functional group for the reactive layer (i.e., sulfur) while covering the inert area by a nonfouling layer. The orthogonality of functionalization is not always obvious, as the chemistry of the two areas are often similar. In addition, many nanostructured substrates may display higher reactivity at the border region between different materials or interdiffusion of different materials, thus complicating the functionalization selectivity. Nevertheless, there are at least three different strategies that can be used to cover the inert area by a nonfouling layer to reach a well-defined pattern of active biomolecules on the reactive area (see [Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}).^[@ref38]^

![(a and c) Chemical and (b) Bioaffinity Interaction Strategies To Achieve Orthogonal Functionalization in Nanostructured Biosensors](am-2017-01583f_0010){#sch5}

• *Designing the sensor such that the material of the active area is unreactive with the functionalizing agents of the inert area*: Au is inert to silanes, while Au can be easily coupled to SiO~2~. Sensors composed of Au/Si O~2~ can be easily subjected to orthogonal functionalization by silanization of the SiO~2~ area with a nonfouling agent,^[@ref85]^ followed by thiolization of the reactive layer by a suitable biomolecule linker ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}a).

• *Using antifouling agents*: the most diffuse strategy is to use a protein, such as bovine serum albumin (BSA), to form a layer on the inert area by self-assembly (see [Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}b). A buffer solution of 0.1%--5% BSA binds both hydrophilic surfaces and hydrophobic surfaces in a highly irreversible manner,^[@ref86]^ and this layer prevents the adhesion of antibodies because antibodies do not have high affinity for nonspecific antigens, thus limiting the nonspecific surface bindings.^[@ref70],[@ref75],[@ref87],[@ref88]^

• *Using polyethylene glycol (PEG) to prevent nonspecific bindings*: The ability of PEG to form strong hydrogen bonds with water finally results in the inhibition of the adhesion of other water-soluble molecules, i.e., antibodies,^[@ref89]−[@ref91]^ on the PEG layer. Moreover, it has been calculated that an energy penalty exists for any molecule trying to approach the coated surface of a hydrophilic polymer, because of the low tendency of such polymers for compression, thus preventing the formation of strong van der Waals or electrostatic interactions with biomolecules.^[@ref92]^ PEG can be bound to the inert area by covalent coupling, such as with thiol or silane,^[@ref75],[@ref77],[@ref93],[@ref94]^ by self-assembly coupling after modification with a protein or a peptide, i.e., poly([l]{.smallcaps}-lysine)-*graft*-PEG,^[@ref38],[@ref95]^ or by cross-linked surface chemistry,^[@ref91]^ depending on the nature of the inert area (see[Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}c).

PEG can also be combined by grafting to methods to other ethylene-glycol-based coatings, i.e., alkanethiol-based oligo(ethylene glycol) (OEG) SAMs.^[@ref96]^ In fact, as determined from the work of Prime and Whitesides, OEG-SAMs have a great efficiency in preventing protein absorption,^[@ref97]−[@ref99]^ but they still have some limitations^[@ref100],[@ref101]^ that could be overcome by a combination of OEG-based SAMs and PEG chains.^[@ref102],[@ref103]^ As will be widely discussed in [section [3.4](#sec3.4){ref-type="other"}](#sec3.4){ref-type="other"}, the distance between surface and the analyte plays a pivotal role in plasmonic biosensors. Thus, in the sensor design, the antifouling properties, as well as the thickness of the layer, must be considered.

Note that several approaches have been developed as an alternative to the aforementioned methods.^[@ref104],[@ref105]^ For example, literature reports that hydrophilic neutral polymers different from EG-chains, such as polysaccharides and acrylamides, have been used as antifouling agents.^[@ref106],[@ref107]^ Masson and co-workers have used peptide-based coatings to minimize the nonspecific absorption of biological media.^[@ref108],[@ref109]^ Zwitterionic monolayers have also been widely studied as an efficient way to prevent nonspecific adhesion and demonstrated ultralow fouling properties.^[@ref105],[@ref110],[@ref111]^

### 3.3.2. Biosensors on Superhydrophobic Surfaces {#sec3.3.2}

The general concept underlying this approach is to create regions with different wettability, such as hydrophilic domains surrounded by hydrophobic or superhydrophobic domains. When a liquid is in contact with such a surface, molecules will be automatically attracted toward the more hydrophilic domains. An example of a superhydrophobic surface is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, when a drop of water is placed on the surface, it assumes a quasi-spherical shape, rather than spreading indefinitely; in other words, it does not wet the surface. Zarrine-Afsar and co-workers developed a method exploiting increased surface roughness to locally enhance the hydrophilicity in a regular array of wells.^[@ref112],[@ref113]^ When the substrate is moved against a stationary drop of water from a pipet, the hydrophilic wells capture part of the liquid each time the contact line moves across the edge of the well. The advantage of this method is that it can be used for self-positioning or self-assembly, but it is not suitable for highly diluted solutions, because of the lack of concentration effects. However, this limitation can be overcome by creating surfaces with alternating hydrophobic and hydrophilic microdomains. The concept is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B: the solution containing molecules of interest is left to evaporate on the surface; intuitively, the more wettable domains will capture the molecules. Indeed, the process is more complicated, and it is essentially due to instabilities created at the boundary between the domains. There are different ways to exploit this effect, and many other methods must still be investigated. For instance, the hydrophilic domains could coincide with the bioactive area of the sensor, and the molecules to be delivered could be those necessary for the functionalization. A practical example is shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C and [2](#fig2){ref-type="fig"}D, in which hydrophilic silver islands are placed on a Teflon substrate (hydrophobic).^[@ref114]^ This method was demonstrated to be able to concentrate molecules in regular arrays of wells and analyze them, reaching a limit of detection of 10--100 aM. Furthermore, this method can also be exploited to promote the self-assembly of nanostructures following the layout of the domains. The latter application may be of great interest for investigating or promoting protein crystallization or enhancing spectroscopic signals, such as mass spectrometry (matrix-assisted laser desorption ionization (MALDI)). Notably, the process still works when oleophobic/oleophilic surfaces are considered. We note that even more-extreme devices capable of concentrating the solution at a single point can be conceived. Based on this approach, a few molecules that are dispersed in solution can be delivered to the active area of a single plasmonic nanosensor that is few hundreds of nanometers in size and then revealed via Raman spectroscopy.^[@ref115]^

![(A) Optical image of a water drop on a superhydrophobic surface. (B) Pictorial description of drop drying on a hydrophobic surface, delivering fluorescein molecules in silver-clustered hydrophilic domains. (C) Scanning electron microscopy (SEM) image showing the geometrical arrangements of Ag small-island films selectively grown inside wells surrounded by superhydrophobic domains. (D) Confocal fluorescence microscopy image in the dye spectral range of the pattern shown in panel (C). (Adapted with permission from ref ([@ref114]). Copyright 2014, Wiley, Weinheim, Germany.)](am-2017-01583f_0003){#fig2}

Although the investigation of hydrophobic surfaces represents a huge and well-consolidated field of research, the use of this class of devices for biosensing is relatively new. Hence, this approach can be still considered in the embryonal stage. To evaluate the potential of this method, we tested a biosensor designed to measure calcitonin as the antigen, because of its role as a tumor marker for medullary thyroid cancer. The feasibility of the method is described in detail. Polytetrafluoroethylene (PTFE) film was chosen as a basis for the sensor fabrication to guarantee the hydrophobicity of the entire device. The sensing area was defined by gold squares precisely engineered to guarantee the appropriate wettability of the surface. Parameters such as the size of a single square, the distance between adjacent squares, and the sensing area, with respect to the substrate area, were studied. Among the several models tested, a regular pattern of 20-μm-wide squares (40 μm pitch, duty cycle = 0.5) extended on the entire chip area ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) provided a good balance in hydrophilic/hydrophobic domains. The substrates were spin-coated with a positive tone resist (Shipley S1813) and thus patterned by optical lithography. After exposure, the samples were developed in MF319 and rinsed with deionized water. Finally, the gold pads where obtained by metal e-beam evaporation and subsequent lift-off in acetone. A thin layer of titanium between the gold layer and the PTFE film worked as an adhesion layer, assuring the stability of the gold pattern and, therefore, preventing degradation of the sensing regions during the functionalization process. To promote the S--Au bonds, the substrates were exposed to an activation step comprising oxygen plasma followed by immersion in soft piranha solution (H~2~SO~4~/H~2~O~2~). To efficiently immobilize the capturing antibody on the gold surface with a good selectivity, with respect to the surrounding PTFE, a method combining linker-mediated coupling and bioaffinity reaction coupling was exploited. Briefly, the linker composed of CS~2~ and streptavidin assured a good probability of selecting the gold substrate, because of the spontaneous reaction of carbon disulfide with amine groups to form dithiocarbamates on the gold surface. The substrates were immersed in a mixed solution (1:1, v/v) of 10 μg/mL CS~2~ in Milli-Q water and 10 μg/mL streptavidin in Milli-Q water for 90 min at room temperature. In the second step, the high affinity and specificity of the recognition between streptavidin and biotin allowed for the efficient and almost irreversible binding of the biotin-conjugated antibody to the linker ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b); the substrates were incubated in 50 μg/mL biotinylated calcitonin antibody in PBS and 1% BSA solution, used as blocking solution, for 1 h. Note that each step was conducted by immersion of the substrate in the molecule solution and gently mixing for the duration of each step, followed by rinsing in PBS-t (PBS + Tween 0.05%) and drying under mild nitrogen flow. In the third step, the slides were immersed in the analyte solution for 30 min, then rinsed as in the standard procedure and incubated in 50 μg/mL calcitonin monoclonal antibody CB1 for 30 min. Finally, immersion in 500 ng/mL AlexaFluor635 goat antimouse IgG (H+L) antibody solution for 30 min completed the sandwich. Different concentrations of analyte calcitonin, both in PBS and in serum, were measured. The sample analysis was carried out by confocal microscopy (Nikon Model A1+ confocal microscope), this allowed for the overall functionalization outcome to be evaluated while comparing the selectivity between the different domains also for the smallest pattern tested ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). The process showed a high selectivity over the different domains under all the mentioned conditions. However, its homogeneity on the pad must still be improved. Via this process, it was possible to detect the presence of calcitonin in serum at a concentration of 1 pg/mL. Thus, the device described here confirms the feasibility of using hydrophobic-engineered substrates as biosensors.

![(a) Gold pattern of the sensor chip on the PTFE film. Best experimental configuration: 40 μm pitch with duty cycle = 0.5, with a static contact angle of ∼100°. (b) Schematic diagram of functionalization of the sensor. (c) Fluorescence confocal microscopy image of the gold-patterned sensor.](am-2017-01583f_0004){#fig3}

### 3.3.3. Printing Strategies {#sec3.3.3}

As an alternative to orthogonal functionalization, several printing methods have been proposed to pattern small-scale spots of biomolecules on the sensor reactive layer. The dimensions, geometric characteristics of the array, and degree of confinement are dependent on the specific technique. Classically, it is possible to distinguish between nonlithographic and lithographic techniques, even if emerging technologies have blurred the boundary of this classification. Classical *direct printing* consists of the use of automatized inked tips to stain microsized spots on a continuous or pseudocontinuous metal layer.^[@ref93]^ All physisorption, chemisorption, or bioaffinity interaction functionalization techniques can occur, depending on which functionalization strategy is preferred. As an example, in the work of Tabakman et al.,^[@ref93]^ a microarray printing robot was used to spot a 5 μM antibody solution on a Au/Au island substrate that was previous functionalized with SH-PEG-COOH and activated with EDC/NHS. PEF was used as the sensing mode, and a sandwich with the suitable antigen and secondary antibody was fabricated. The nanoscaled version of direct printing is *dip-pen lithography* (DPN), a technology that borders between pure lithographic techniques and direct writing, exploiting a suitable "inked" atomic force microscopy (AFM) tip to transport and deposit biomolecules on nanostructured reactive layers.^[@ref38],[@ref80],[@ref87]^ This technique allows the pattern size and geometry to be controlled better than direct printing.^[@ref80],[@ref87]^ The limit of DPN is the long writing time and the need to precisely control the reaction conditions; for such reasons, even after the development of massive parallelization instruments employing thousands of tips simultaneously, DPN is still not applicable for large patterned surface areas.^[@ref38],[@ref80]^*Nanocontact printing* (NCP) is a pure lithographic technique that relies on lithographic fabricated stamp templates to transfer biomolecules onto the reactive layer after their immersion in a molecular "inking" solution. Normally, stamps are made from polymers, such as PDMS.^[@ref80]^ Although NCP is a low-cost technique and easily applicable on large superficial areas, it suffers from a lack of control of the pattern, because of diffusion events and imprecision in the realignment step.^[@ref38]^ A relatively novel patterning strategy used in nanoplasmonics is *nanostencil lithography* (NSL). A lithographic fabricated stencil mask characterized by sub-100-nm patterns is used to bring the reactive layer in contact with biomolecules.^[@ref70]^ Stencil masks are generally made by a silicon nitride (SiN~*x*~) membrane supported by a silicon wafer. Huang el al. fabricated a pyramid-shaped reservoir on a SiN~*x*~ patterned stencil mask in contact with a PDMS substrate; the biomolecule solution was charged in the reservoir and, after incubation, patterned with different shapes on the PDMS. Fluorescence was used as the sensing mode to reveal patterns.^[@ref70]^ Advantages of this technique are its low cost due to mask reusability and the ability to rapidly pattern large superficial areas.^[@ref70]^

*Molecular imprinting* is a nonlithographic technique that exploits polymers to generate imprints of target biological objects on the reactive layer of the sensor. The procedure consists of spotting a prepolymer solution, together with the target molecule and a suitable primer on the metal surface using a robot. The solution is suitably treated to induce polymerization: the functional groups on the prepolymer first react with the functional groups on the target, thus surrounding the target, and then cross-linking between several prepolymer molecules occurs, thus freezing them around the template. After template removal, the remaining cavities have the exact shape of the target biomolecule.^[@ref72],[@ref116]^ The limit of this technique is that it requires substantial efforts to optimize polymerization reactions to realize only microscaled patterns of cells or big proteins.

The lithographic version of molecular imprinting is *photopatterning*,^[@ref117]^ which is a technique that uses UV light to print the desired patterned image on a surface covered by a photoactivator molecule before binding the biomolecule directly on the illuminated areas.

3.4. How To Choose the Modification Strategy {#sec3.4}
--------------------------------------------

The choice of the modification strategy is dependent on the specific case, and, thus far, no approach has emerged as being superior. However, some guidelines can be found in the literature. As an example, self-assembly immobilization has been extensively used in the oldest SPR sensors, but the low sensitivity associated with this strategy limits its use to nanostructured plasmonic sensors. In contrast, it is possible, in principle, to envisage that oriented self-assembly immobilization would be more suitable for LSPR sensors due to the possibility to selectively orient the biomolecule on small metal areas, with respect to nonmetal inert areas. Oriented self-assembly strategies have found real applications in nanostructured Raman sensors,^[@ref53]^ as Raman spectroscopy allows the signal coming from the desired binding event to be selected. Furthermore, the absence of a linker to bring the biomolecule to the reactive surface reduces the overlapping signals that can complicate the spectral interpretation. Most LSPR, PEF, and Raman sensors have been realized using classical covalent linking to the surface, but the sensors require linkers with different lengths. For example, although, for conventional surface plasmon resonance (SPR), the evanescent field can extend to hundreds of nanometers, in the case of nanostructured systems, this value decreases to only a few tens of nanometers.^[@ref118],[@ref119]^ Therefore, the use of short linkers increases the sensitivity of LSPR sensors, producing a stronger change in reflective mode.^[@ref52],[@ref58],[@ref70],[@ref75],[@ref77],[@ref84],[@ref94],[@ref116]^ For Raman-based sensors (SERS), the rapid spatial decay of the plasmonic field drastically reduces the detection efficiency for distances of \>10 nm^[@ref120]−[@ref122]^ and so it is preferable to avoid the use of linkers or use very short ones. Furthermore, long linkers or linkers with complex functional groups may provide a signal background that hinders the analysis.^[@ref123]^ Also, in the case of PEF, field decay effects become consistent for distances of \>18--20 nm, but reduced spacing (\<4--5 nm) between analyte and the surface can result in quenching of fluorescence;^[@ref124]−[@ref126]^ therefore, linkers with a specific length are required PEF to maximize the enhancement of specific fluorophores.^[@ref70],[@ref88],[@ref93]^ Bioaffinity interaction coupling has been successful employed in LSPR multiplexed plasmonic sensors^[@ref77]^ associated with microfluidic devices for patterning and sensing, because of the versatility of antibody-binding protein to interact with a huge class of antibodies and the resistance of the immobilization interaction to continuous flow washing and reaction steps. To the best of our knowledge, protein A and protein G have not been used as linkers for PEF sensors, even though their dimensions are suitable for fluorescence enhancement.^[@ref71]^ Regarding patterning strategies, orthogonal functionalization is the easiest strategy for laboratory applications: it has been well-interfaced with all sensing modalities and is associated with all the functionalization strategies previously discussed. The limit of this technique is the lack of robust characterization techniques that can confirm the outcome. Moreover, if orthogonal functionalization is used as a unique selective strategy, no parallel measurements can be performed. In contrast, the integration of orthogonal functionalization protocols in the overall functionalization process where patterning is ensured by printing^[@ref70],[@ref93],[@ref116]^ or microfluidic strategies^[@ref77],[@ref84],[@ref94]^ is currently the most successful way to realize a performing plasmonic sensor. From a practical point of view, different strategies can result in different risks versus benefits, as we described in the step-by-step tables in the previous sections. The average effective time and costs of the most representative functionalization strategies depicted in the previous sections are summarized in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. We considered a typical functionalization pathway normalized to a 1 cm^2^ nanostructured device (∼2 mL solutions, 100 μg/mL of Ab) both in the case of typical hydrophilic (Au/SiO~*x*~) and superhydrophobic (Au/SHP) substrates.

![Overall time and cost provisions for typical functionalization strategies.](am-2017-01583f_0005){#fig4}

4. CHECKING THE RESULTS: CHARACTERIZATION CONCERNS {#sec4}
==================================================

The fate of functionalization, both in terms of efficiency and selectivity, strongly influences the sensor sensitivity. Nevertheless, the actual tools available to determine functionalization yields and selectivity on nanostructured biosensors are still inadequate. Indeed, although several techniques have been proposed for biosensor characterization from both chemical and physical aspects, they are only able to provide a qualitative characterization. Step-by-step quantitative characterization and easily achieving nanoparticle functionalization remain major issues in solid nanostructured sensors, with the only exception being the final binding event.

4.1. Qualitative Characterization Techniques {#sec4.1}
--------------------------------------------

*Chemical characterization* of functionalized metal layers can be performed using ultrasensing spectroscopic techniques. In particular, high-resolution X-ray photoemission spectroscopy (XPS) and vibrational spectroscopies as SERS and Fourier transform infrared (FTIR) spectroscopy are complementary methods that are largely used to characterize SAM on metal surfaces as well as their coupling with biomolecules. XPS allows analysis of the chemical state of the atomic components of the linkers (i.e., thiols, proteins, DNA) anchored on the reactive layer.^[@ref127]^ SAM exposure to X-rays induces the number of emitted photoelectrons from each excited atomic component, depending on its chemical environment. Indeed, the same atom (i.e., C) surrounded by different partners (i.e., H, O, or S) represents a specific XPS peak corresponding to a specific atomic state characterized by a specific shift of the atom valence electron density, toward or away from the bound partner, depending on its electronegativity. The peak intensity is proportional to the presence of a specific atomic state; following this criterion, XPS analysis is also able to determine if an atomic component is covalently bound to the metal surface or only absorbed. As an example, in XPS analysis of a thiol SAM on a metal layer, three different binding energies can be recognized for the S 2p state, depending on whether sulfur is covalently bound to the metal surface as an ordered monolayer, weakly adsorbed on the metal surface with a tilted conformation (namely, a *gauche* conformation), or only deposited on the surface with a disordered conformation. XPS is a powerful tool for surface investigation and useful for determining the selectivity of the functionalization across different areas of the sample. The limit of the technique is that it becomes less informative as the distance from the surface and the chemical complexity of the functionalization increase. *Raman spectroscopy* and SERS in particular are very sensitive techniques for characterizing the presence of typical functional groups on the metal surface. The typical spatial resolution is on the order of hundreds of nanometers (in agreement with the Abbe diffraction limit), although combining with scanning probe technologies allows chemical mapping at the nanoscale.^[@ref128]^ As the intensity of the SERS signal is dependent on many factors (the absorptivity of the dye molecule, the affinity of that molecule with the metal surface and the goodness of the electronic transfer between them, and the size and shape of the metal structure), the results of SERS analysis are often uncertain.^[@ref129]^ Nevertheless, when such parameters are optimized, SERS analysis is useful for characterizing complex molecules as biomolecules or proteins,^[@ref130]^ and, therefore, it can be efficiently used to understand the fate of coupling between linkers and primary antibodies on the sensor reactive layer. Also, FTIR spectroscopy can be used to characterize monolayers formed on metallic layer which, acting as mirrors, allow external reflection configuration analysis (FTIR-ERS). The main advantage of FTIR is a marked response to the polarization and incident angle of the exciting radiation and to the orientation of the electric dipoles associated with the films,^[@ref131],[@ref132]^ thus providing a means for determining the average orientation of molecules on the surface. Moreover, polarization modulation methods can be used to isolate and amplify weak absorption from surface-confined molecules, with respect to ambient phase molecules.^[@ref133]^ As an example, polarization-modulated infrared reflection absorption spectroscopy (PM-IRRAS) represents a variation of traditional FTIR with improved sensitivity and orientation specificity, where the incident source is an alternating polarized infrared beam measuring the differential reflectivity of interfacial molecules for the two alternated polarities. Sum-frequency generation (SFG) spectroscopy is a nonlinear optical spectroscopic technique with which one can obtain the vibrational spectrum of interfacial molecules, discriminating them from those in the bulk material. In SFG spectroscopy, two high-intensity laser beams at frequencies ω~vis~ and ω~IR~ overlap at an interface and generate an output beam at frequency ω~SFG~ = ω~vis~ + ω~IR~ in the reflection direction. SFG is forbidden in media with inversion symmetry, such as gases, bulk liquids, amorphous solids, and crystals of achiral molecules, but allowed at interfaces where the inversion symmetry is lost. Therefore, it is surface-specific, with intrinsic selectivity to interfacial contributions.^[@ref134]^

*Physical characterization* tools are able to measure the increase in surface thickness of different areas of the sensor after each functionalization step and can also aid in understanding the fate of functionalization. Ellipsometry and AFM measurements are some of the most diffused techniques that can be used to prove the success of functionalization in nanostructured sensors. *Ellipsometry* is a technique that can measure layers that are subnanometer to a few micrometers thick, based on the interference generated between the light reflecting from and traveling through the functionalized surface. An advantage of this technique is that it can be used to establish the functionalization success from the first to the last functionalization step, because even very thin surface SAMs can be measured. Moreover, ellipsometric measurements are generally performed on a large surface, and the final thickness is an average of the optical parameters registered from the entire probed area. Consequently, local information on functionalization output is lost.^[@ref78]^ In contrast, point-by-point measurements with a spatial resolution on the scale of angstroms are possible by AFM and can be considered complementary to ellipsometry.^[@ref59],[@ref78],[@ref87]^ Therefore, AFM can be a useful tool to qualitatively follow the fate of the different steps of functionalization of the reactive layer, both in terms of efficiency and selectivity, following the height difference between features that have reacted with the functionalizing agent and the features that have not.^[@ref78],[@ref87]^ A limitation is the long amount of time needed to make measurements. In addition, AFM can be used to determine the force of the interaction of a linker with the surface.^[@ref135]^ The common practice is to perform force measurements by using AFM to stretch a linker attached to the surface or to test the mechanical resistance of the SAM.^[@ref59]^

4.2. The Issue of Quantification {#sec4.2}
--------------------------------

Quantification of reaction yields and the selectivity of the different functionalization steps of a nanostructured chip are complicated by the need to guarantee sample integrity. Therefore, classical quantification techniques used to establish the total organic carbon present on the surface, such as thermogravimetric analysis (TGA), which are normally applied to nanoparticles, are not applicable in the case of nanostructured surfaces. There are some possible options for quantifying the coupling event of LSPR biosensors. Indeed, the change in intensity of the reflected light in an LSPR experiment, which is directly related to the refractive index (RI) change on the surface, can be plotted against the antibody or antigen concentration used during the coupling or binding event. This gives rise to a calibration curve that can be used to determine the minimum concentration of primary biomolecules needed for a significant response of the sensor or the limit of detection (LOD) of the binding event. Such measurements are still far from precisely quantifying the yield but at least provide information on the linearity of the optical phenomenon, with respect to the concentration of the analyte.^[@ref136]^ Concerning the other sensing modalities, quantification concerns exist for the calibration and quantification of the binding event. In PEF, the antigen concentration is correlated with the fluorescence intensity, which is based on the preset microscope conditions (i.e., collection time, gain, position with respect to the nanostructure), subtracting the background signal from the collected fluorescence intensity, and normalizing the signal, with respect to the nanostructure geometry.^[@ref88]^ In SERS sensors, preliminary statistical evaluations of the Raman spectra are needed to determine a significant correlation between antigen concentration and the Raman spectra. In summary, analytical methods capable of evaluating and quantifying the fate of each step of functionalization are still critically needed to evaluate the diffusion of such sensors on the market. In conclusion, there remains a lack of quality-control protocols.

5. Conclusions {#sec5}
==============

Developing an efficient plasmonic biosensor requires a multistep methodology that includes design, fabrication, functionalization, and characterization steps. Several different lithographic and nonlithographic techniques are currently available for fabrication. A crucial point in the design is the choice of the materials constituting the reactive and the inert areas of the biosensor, as their diversity will be primary responsible for the selectivity of functionalization. The functionalization strategy can be determined as a function of the composing materials by considering the following points: (a) simplicity of the chemistry used for functionalization; (b) selectivity between the inert and the reactive area and orthogonality between the two functionalization strategies; (c) effective coverage of the metallic surface (plasmonic area) and correct orientation of the active biomolecules; (d) affinity and specificity of the recognition event between the analyte and the biomolecule; and (e) time versus cost balance. Even if several functionalization strategies exist for a metal-to-metal-based biosensor, few studies have been devoted to superhydrophobic surfaces that, according to preliminary results, may improve selectivity and orthogonality in functionalization, thus enabling better sensitivities. Finally, the development of nondestructive characterization tools able to quantify the functionalization yield and selectivity at intermediate levels of sensor assembly is another crucial factor.
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